ABSTRACT Neural damage caused by reactive oxygen species (ROS) can trigger several acute or chronic conditions, such as Alzheimer's, Huntington's, and Parkinson's diseases. However, ROS scavengers hold great promise for enabling DNA repair in neurons; damaged cells using ROS-scavenging agents may be able to recover their functionality and resilience. Moreover, in bioelectronics for neural applications, thin films with adequate properties are crucial for the proper performance of an electronic device. Therefore, precise and reliable deposition techniques that can control the characteristics of thin films are imperative when fabricating bioelectronic devices integrated with cellular systems. To that end, inkjet printing is a promising method with unique advantages, such as computer-assisted protocols and efficient consumption of materials. We report the printing of a functional electronic material that exhibits ROS scavenging behavior (Manganese [III] 5, 10, 15, 20-tetra [4-pyridyl]-21H, 23H-porphine chloride tetrakis [methochloride]) using a modified inkjet printer. Different printed pattern schemes that were designed based on the amount of overlap among sequential droplets were used to tune the surface morphology of the inkjet-printed thin films with a wide range of roughness (8.84-41.20 nm). Furthermore, post-printing processes (such as plasma treatment) were used to optimize surface energy. Such inkjet printing methods of functional electronic materials that can simultaneously be used as ROS scavengers, would advance bioelectronics applications in neural studies.
I. INTRODUCTION
Reactive oxygen species (ROS) may damage neural cells and elicit several acute or chronic conditions such as Alzheimer's, Huntington's, and Parkinson's diseases [1] , [2] . On the other hand, ROS scavengers are ideal candidates for enabling DNA repair in neurons [1] , [2] . Damaged cells using ROS scavenging agents may be able to recover their functionality and resilience. Furthermore, such agents could even prevent DNA damage caused by oxidative stress [2] . Moreover, in bioelectronics, the surface properties of thin films may influence the device performance [3] , [4] . In flexible bioelectronics for neural applications, thin films with adequate properties are crucial for the proper performance of devices, such as biosensors [5] . Therefore, precise and reliable deposition techniques that can control the characteristics of thin films are imperative when fabricating electronic devices integrated with cellular systems. To that end, inkjet printing is a promising method with unique advantages, such as computer-assisted protocols and efficient consumption of materials [6] - [8] . Printers have been used extensively in diverse fields ranging from printed electronics [9] - [11] to drug delivery [12] and tissue engineering [13] - [17] . Printed electronics is a relatively new approach to manufacturing electronic devices that incorporate flexible, stretchable, and portable electronics. Fabrication of organic electronic devices such as organic light-emitting diodes and organic solar cells encompasses material selection [18] and precise thin film deposition [19] , [20] . Materials used in device fabrication must fulfill some criteria including enhanced semiconductor properties (e.g., appropriate optoelectronic properties such as electrical conductivity and energy level position) in order to build a reliable final product [21] , [22] . Different sophisticated characterization techniques including steady state optical spectroscopy, ultrafast laser spectroscopy [23] and electrochemical measurements [18] have been used to determine material optoelectronic properties for optimized device fabrication. Moreover, the properties of organic thin films play essential roles in the quality and performance of organic devices [24] . Thin films' quality strongly impact on the device final performance used in different application. Therefore, a versatile deposition technique with the ability to control the characteristics of thin films is necessary for high quality device fabrication [25] .
Drop-on-demand inkjet printers are mostly used in research where economic consumption of materials and accuracy is crucial [26] - [28] . Piezoelectric and thermal printers are two of the most popular drop-on-demand printers and have been used extensively in research. However, the costs may be high and they lack the ability to control the surface morphology.
We report the printing of a functional electronic material that exhibits ROS scavenging behavior using an office inkjet printer. Manganese (III) 5, 10, 15, 20-tetra (4-pyridyl)-21H, 23H-porphine chloride tetrakis (methochloride) was used as both an organic porphyrin dye and a ROS scavenger. This material can be used to fabricate electronic devices while repairing damaged cells by oxidative stress. To control the final film surface roughness, we employed different ink pattern schemes. In the printing process, drops can be deposited using both non-interlaced or interlaced schemes; the difference is in the time allowed for the material to spread and dry before the next drop or line is printed [29] . We successfully tuned the surface properties such as roughness using different schemes (8.84 to 41.20 nm). To the best of our knowledge, this is the first modified, inexpensive inkjet printing system with the ability to control the surface roughness of the films. The hardware reengineering enabled to employ an office inkjet printer as a sophisticated printing deposition apparatus. And software design, using ink pattern schemes, provided a platform to control the surface roughness. Furthermore, post-printing processes (such as plasma treatment) were employed to reduce the contact angle of the surface to increase the adhesion of the damaged cells to the ROS scavenger thin film for their enhanced repair. A parameter-tunable inkjet printing method for the deposition of functional electronics materials that can simultaneously be used as ROS scavengers would enable to integrate bioelectronics for neural applications. Bioelectronic devices such as biosensors prepared with ROS scavenger materials can both monitor the cells' behavior as well as prevent cellular oxidative stress and DNA damage.
II. MATERIALS AND METHODS
The first task in this work was to modify an ordinary inkjet printer to deposit thin films of functional materials with the ability to control the surface roughness of the films. Fig. 1 summarizes the procedures used to reengineer the hardware and software of an office printer. Optimized thin films, were obtained based on optoelectronic properties and surface morphology.
A. OFFICE PRINTER MODIFICATIONS
A commercial available PIXMA iP5300 color inkjet printer (Canon Inc.) capable of printing on the surface of compact discs (CDs) was used (Fig. 2a, b) . This model is a drop-ondemand, thermal inkjet printer with a heater located on the side of the orifice (side-shooter) and five cartridges (black, pigment black, yellow, magenta, and cyan) (Fig. 2c, d ). The commercial ink was drained using a small hole on the backside of the cartridge, the cartridge was washed using distilled water and dried with an air compressor and hairdryer. The cartridge was then refilled with organic ink (Fig. 2e-i) .
For our purposes, we only filled the yellow-color cartridge with organic ink while the remaining cartridges contained distilled water to reduce the interaction of organic ink with its environment. The computer was programmed to print with the color "0, 0, 1, 0, 0" for black, pigment black, yellow, magenta, and cyan, respectively; this arrangement was optimal for preventing organic ink contamination. The set-up can be used for multifunctional device fabrications (e.g., solar cells or organic thin film transistors) when more number of organic materials are used in the device. In those cases, other cartridges can be filled with other materials and VOLUME 7, 2019 785 the color code can represent the appropriate organic ink to be printed. One chuck was designed so that substrates were immobilized during the inkjet process. A CD was employed and was cut in two different places according to the sizes of the substrates (Fig. 2b) . The printer software was programmed to print at the exact location of the substrates on the chuck. After printer modification, thin films with different characteristics were deposited to understand vital parameters of printed thin films.
Fabrication of organic electronic devices necessitates a versatile deposition modality to control the surface morphology of the films; nevertheless, the current deposition techniques rarely have this capability. To remedy this shortcoming, we tried to control the thin film properties with the modified printer.
During printing, drops can be placed in non-interlaced or interlaced schemes [29] . In a non-interlaced printing scheme, to cover the substrate totally, drops are placed consecutively and usually with some degree of overlap between two adjacent drops. In an interlaced printing scheme, two or more incomplete patterns are printed subsequently to complete each other and cover the substrate together. The difference occurs in the time allowed for the material to spread and dry before the next drop or line is printed. We designed and studied five printing patterns, including one non-interlaced and four interlaced schemes. The first pattern (Fig. 3a) is referred to as non-interlaced; the second (Fig. 3b) is referred to as rectangular; the third (Fig. 3c ) is right-angled; the fourth (Fig. 3d) is line-by-line; and the final pattern (Fig. 3e ) is referred to as 100% interlaced and includes four complimentary schemes. Each interlaced sample comprised a combination of at least two complementary designs (P 2 -P 11 ), that were printed in two minute intervals subsequently, for drying the previous print as to minimize the overlap effect. In 100% interlaced pattern, shown in Fig. 3e , four complimentary patterns were printed subsequently in 2-minute intervals to prepare the thin films. In this case, rows are represented as "r" and columns are shown using "c". First, all points with coordinates of (odd rows, odd columns) were printed. This was followed by (odd r, even c), (even r, odd c), and finally (even r, even c) that completed the thin film preparation. For 12 mm × 20 mm substrates 42 rows and 70 columns were used. The surface morphologies of the printed thin films were studied using AFM, absorption spectra with UV-Vis, and emission spectra of the thin films with luminescence spectrophotometry.
B. THIN FILM DEPOSITION AND CHARACTERIZATIONS
The ink comprised of "manganese (III) 5, 10, 15, 20-tetra (4-pyridyl)-21H, 23H-porphine chloride tetrakis (methochloride)" (MnTPPCL). In this experiment, glass slides as substrate were cut into 25 mm × 25 mm sizes and were used for UV-Vis and luminescence spectrophotometer measurements; 12 mm × 20 mm substrates were used for atomic force microscopy (AFM) measurements. The glass substrates were cleaned with distilled water, acetone, and ethanol using an ultrasonic bath for 15 minutes each and were dried using nitrogen flow. To obtain the effect of ink concentration on the quality of the deposited thin films, three ink concentrations (4, 6, and 8 mg/mL) were tested. The morphology of thin films was studied using AFM (Veeco). A PerkinElmer LAMBDA 900 UV-Vis spectrophotometer as well as a luminescence LS 55 spectrometer were used to study the optical properties of thin films. In this case, P 8 prints on R odd and C odd , P 9 prints on C even and R odd , P 10 prints on C odd and R even , and finally P 11 prints on C even and R even that completes the printing procedure to cover the surface totally. Each pattern comes in a time interval delay that lets the previous droplets get dried-decreasing the amount of overlap.
C. FUNCTIONALIZING THE INKJET-PRINTED FILMS OF ROS SCAVENGER/ELECTRONIC MATERIAL FOR CELL CULTURING
In order to enhance the effect of ROS scavenger material on neural resilience the interface of cell/material plays a critical role. It has been shown that surface characteristics are very important for adhesion, differentiation, and proliferation of cells [4] . By changing the wettability one can control the cellular function and surface interactions on thin films. To provide a reliable attachment between cells and inkjet-printed thin films as the culturing surface, the inkjet-printed films were treated after the printing procedure using 45 seconds with medium power using a plasma cleaner PDC-32G (Harrick Plasma, Ithaca, NY, USA). The process changed the wettability of the surface that helps the cells attach to the inkjet-printed films to communicate with ROS scavenger/electronic materials.
III. RESULTS AND DISCUSSION
First, the optimal concentration of ink was determined by comparing the optical absorption of three different concentrations of thin films. In this part, all thin films were using non-interlaced ink pattern scheme. UV-Vis (Fig. 4) indicated that an ink concentration of 6 mg/mL produced a thin film with the highest absorption spectra; we used this concentration going forward.
The surface morphologies of all the thin films, prepared with different patterns, were studied using AFM to evaluate the different degrees of overlap in terms of the various ink pattern schemes, while the absorption and emission spectra of the thin films were also analyzed to compare the optical parameters of the samples. Photoluminescence measurements Fig. 5a confirmed that the emission spectra did not change with various number of layers (except for intensity), indicating that the chemical properties did not change. The peak in emission spectra shows in 630 nm (∼1.96 eV). Moreover, Fig. 5b shows the comparison between the absorption spectra of the thin films. The forms, curves, and positions of the peaks of the spectra were almost the same for all films. However, the curves showed dissimilar intensities; the film using the 100% interlaced pattern had the highest absorption intensity. The absorption spectra show a main peak in 480 nm (∼2.5 eV) and two weaker absorption peak in 590 nm (∼2.1 eV) and 410 nm (∼3.02 eV). Fig. 6 shows AFM-height profiles of two inkjet-printed films prepared with two different pattern schemes. It indicates that the 100% interlaced pattern is much smoother than the non-interlaced counterpart, which is related to the printing process. In the non-interlaced printing, each drop of ink overlaps with neighbor drops at its edges, thus producing higher peaks at the edges of the drops and valleys in their centers. These peak and valley formations eventually increase the surface roughness (Fig. 6) . Contrary to the non-interlaced pattern, each drop in the 100% interlaced printing has less overlap with previous drops (that had been dried) owing to the delay in printing adjacent droplets, thus making the thin film smoother. AFM confirmed the ability of this deposition modality to control the surface roughness of prepared thin films. To our knowledge, this is the most reliable deposition technique with the ability to control the surface roughness of thin films. In electronic device fabrication, controlling the surface roughness may enhance the device performance dramatically. Table 1 indicates that the films printed with the noninterlaced scheme showed the highest average roughness among all of the printed films. Nevertheless, thin films printed with 100% interlaced and rectangular schemes 788 VOLUME 7, 2019 demonstrated the smoothest surface compared to other films. These results, in addition to the information from the absorption spectra, served as useful guidelines for selecting the appropriate thin films for specific applications. Our final determination that the highest absorption spectrum was attained by using the 100% interlaced film indicates that this pattern scheme is ideal for printing smooth thin films. Applications for this include the fabrication of organic solar cells and organic light-emitting diodes where smooth films increase the charge transformation in the device. On the other hand, for other applications, such as fabricating the organic gas sensors in which a higher degree of roughness provides a greater surface area to trap gas molecules, the non-interlaced pattern is more suitable for depositing the appropriate film. For bio-related applications like transistorbased biosensor preparation, smooth films are needed to fabricate high-quality transistors that can be functionalized using different agents for specific bioanalytes. Fig. 7 elucidates the concept of interlaced schemes by comparing the discrepancies between printing of interlaced and non-interlaced patterns as well as the effect of overlapping drops on tuning the surface roughness of the films.
The cells are sensitive to the surface if the surface energy is not optimized and wettability is low. The wettability of the surface is important for cellular interactions [4] . Therefore, In non-interlaced schemes the drops are printed subsequently and have some amount of overlap. Therefore, they provide films with a higher surface roughness that can be used to fabricate organic sensors. In the interlaced scheme, however, the formerly printed drops have a short time to rest on the surface and dry before the later drops are printed. In this case, the neighboring droplets encounter minimum overlap and provide smoother thin films that are favorable for organic solar cell and organic light-emitting diodes applications.
the contact angle (relevant to the surface energy) was optimized for the inkjet-printed films. Cells may show minimum attachment to untreated films; however, this was addressed using plasma-cleaning treatment of the inkjet-printed films following the printing procedure and prior to cell culturing. The lower contact angle shows higher surface energy and wettability. For the purpose of fabricating electronic devices on which cell culturing is feasible, it is important to consider the surface roughness when measuring the contact angle. As stated by Wenzel in 1936, the surface roughness influences the contact angle and wettability of a specific surface [30] . It was shown that
where A, S 1 , S 12 , S 2 , and θ denote adhesion tension, specific energy of the interface before wetting, specific energy of the interface after wetting, surface tension of the liquid, and contact angle respectively. Using a roughness factor "r" as the ratio of actual surface to geometric surface Wenzel showed
where r is equal to 1 for smooth surfaces and is always more than 1 for rough surfaces. In this case, rA is called effective adhesion tension that can be measured experimentally. During surface wetting the free liquid surface increases and needs energy. The speed of wetting is determined by the difference in the net energy. Therefore, for the same increase in the free liquid area at the upper surface of the drop a greater surface can be wet when it is rough. For the rough surface to induce the spreading a drop there is a greater net energy decrease and the rough surface can be wet more rapidly [30] . VOLUME 7, 2019 789 This shows that the contact angle for a rough surface is always smaller than that in a smooth surface, and confirms our results that the smoother films needed longer treatments to optimize the angle. However, in this case, smoother films are more favorable owing to the fact that the films might be used for electronic device fabrication prior to cell culturing. We treated films with different plasma powers and durations to decrease the contact angle and thereby enable cell attachment. The minimum Plasma exposure was found 45 seconds under medium power to achieve cell/material interface. In this paper, we concentrated on printing functional materials and surface morphology, as the future of the work more surface treatment can be performed using extracellular matrix proteins such as collagen. Collagen is one of the abundant proteins in the body and has the ability to promote the attachment of cells to the inkjet-printed films.
IV. CONCLUSION
Reactive oxygen species (ROS) can damage neural cells due to oxidative stress. This can cause many acute or chronic diseases. ROS scavenger agents, on the other hand, are excellent material candidates for neural resilience. Integrating electronic devices such as biosensors into cellular systems can help monitor and control the 2-or 3-dimensional biological structures. Fabrication of biocompatible electronic devices with functional electronic materials that shows ROS scavenger behaviors can introduce a new research strategy in neural studies. To optimize the deposition procedure, a deposition modality was devised to control the surface morphology of the thin films. An office inkjet printer was modified in a way to control the properties of the organic thin films. Using a computer-assisted deposition process, interlaced and non-interlaced ink patterns were printed and successfully deposited thin films with a wide range of surface roughness. It is worth noting that the difference in surface roughness with different printing schemes is dependent on the variance of the overlapping drops. The inkjet-printed films were treated post-printing with the optimum surface energy that would allow cells to attach to the surface. The inkjet printed material has both ROS scavenger behaviors and electronic properties. The integration of flexible bioelectronic devices with cellular systems and employing the ROS scavenger properties may allow for the recovery of damaged cell functionality while monitoring them using biocompatible electronic devices. In the future, we can envision fabrication of biosensors and other biocompatible electronic devices that can be used for detecting different biomarkers in the biological systems while they have repairing properties for the damaged cells. This can be a new era of functional electronic and functional biological device fabrication with low-cost deposition technique with surface roughness curb.
